UNLV Retrospective Theses & Dissertations
1-1-2001

Photofragmentation of carbonyl sulfide (Ocs) following core-shell
photoexcitation and photoionization
Lan Thi Ngoc Dang
University of Nevada, Las Vegas

Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds

Repository Citation
Dang, Lan Thi Ngoc, "Photofragmentation of carbonyl sulfide (Ocs) following core-shell photoexcitation
and photoionization" (2001). UNLV Retrospective Theses & Dissertations. 1281.
http://dx.doi.org/10.25669/x2yn-kmkx

This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu.

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMi films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note wilHndicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy.

Higher quality 6" x 9" black and white

photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

UMI'
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PHOTOFRAGMENTATION OF CARBONYL SULFIDE (OCS) FOLLOWING
CORE-SHELL PHOTOEXCITATION AND PHOTOIONIZATION

by

Lan T. N. Dang
Bachelor of Science
Vietnam National University, Hanoi
1995

A thesis submitted in partial fulfillment
of the requirements for the

Master of Science Degree
Department of Chemistry
College of Science

Graduate College
University of Nevada, Las Vegas
August 2001

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI Number 1406393

UMI*
UMI Microform 1406393
Copyright 2002 by ProQuest Information and Leaming Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Leaming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UNTV

Thesis Approval
The Graduate College
University of Nevada, Las Vegas

July 12

^20 01

The Thesis prepared by

Lan T. N. Dang

Entitled

Photofragmentation of Carbonyl Sulfide (OCS) Following Core-Shell
Photoexcitation and Photoionization

is approved in partial fulfillment of the requirements for the degree of

Master of Science

Examimitton CtimnM

Dean of the Graduate College

Examination Committeeimmber

Examination Commitlve Member

(grad u ate College Faculty RepÆsentatrve

P R /I0 ir-3 3 /!« l

U

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT

Photofragmentation of Carbonyl Sulfîde (OCS) following
Core-Shell Photoexcitation and Photoionization
by
Lan T. N. Dang
Dr. Dennis Lindle, Research Advisor
Professor of Chemistry
University of Nevada, Las Vegas

Mass spectroscopy is used to study the formation of cations and anions after
photoexcitation and photoionization of OCS in the vicinity of the S 2p, C Is and O Is
thresholds. Singly charged cations are produced predominantly at the

k*

and Rydberg

resonances while dications are major products of dissociative channels above the
thresholds. At the S 2p threshold, broad Franck-Condon regions observed for Rydberg
excited states manifests an apparent change in molecular bond lengths upon the excitation
of S 2p electrons to Rydberg orbitals. Neutral dissociation o f the 71* 3/2, 7t*i /2 and 453/2
excited states is found to compete efficiently with electronic relaxation via Auger
processes. The observation of SO^ ions at the Jt* resonance indicates a strong RennerTeller vibronic coupling of bending vibrations in the 4tc* excited states with a bent
equilibrium geometry. The anions (S', C and O') are observed both below and above the

iii
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thresholds. The fact that the anion production is suppressed at shape resonances allows
the anions to serve as a suggestive and complementary tool for identifying above
threshold structures in the OCS photoabsorption spectra. Post-collision-interaction effects
in OCS and locality of the lowest unoccupied molecular orbital 4rt* at the sulfur atom are
also evidenced in the anion spectra.
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CHAPTER 1

INTRODUCTION

In the past century, the field of atomic and molecular physics has grown
tremendously to cover an immense volume of phenomena ranging from the properties of
atoms

in

free states, relativity

and many-body effects to the properties of

macromolecules, clusters and surfaces. The development of instrumentation and the
advance of experimentation, which discover and analyze a growing number of physical
facts, are a salient feature of the field. On the other hand, the field advances by theory,
which allows it to collect and unify the known phenomena in one consistent system.
Today the twisting interplay of experiment and theory is encountered in all levels of
complexity [1].
In modem physics, dating from 1905 with the theory of relativity, quantum theory
and associated phenomena, quantitative prediction and interpretation of the properties of
atoms and molecules has always been one of the central goals. In the simplest cases,
where calculations were technically possible, theory could yield results in good
agreement with experiment. Up to now, the quantum theory of atomic and molecular
structure has been considered conceptually resolvable, with the basic equations of motion
of electrons and nuclei being known and a set of approximations being developed.
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Indeed, achieving practical solutions is contingent upon technical development of
computational facilities.
On the experimental side, the inquiry for knowledge of the ultimate structure of
matter necessitates increasing sophistication of experimental techniques and inventing
probes capable of extracting information from subtle events and of measuring atomicscale magnitudes. And light, as one of the probes for studying matter, also has gone on Its
course of evolution. Since its invention in 1960, the laser has been the primary ultra
violet-light source and a basic tool for atomic and molecular spectroscopy and for
elucidating fundamental properties of optics and optical interactions with matter.
However, the low photon energy of lasers, ranging up to a few tens of eV, limits their
application in atomic and molecular study to valence and inner-valence levels. Other
V U V radiation sources such as arcs, sparks and discharges are well established and
relatively inexpensive but unfortunately have the disadvantage of low intensity. Rontgen
tubes, in contrast, can supply soft x-rays at only a few discrete frequencies characteristic
of the anode material and thus are not relevant for studies of photon-energy-dependent
processes. Finally, synchrotron radiation came along to shed light in unexplored
experimental regions that the other light sources have not been able to reach. The
radiation, which is emitted by relativistic electrons accelerated by the Lorentz force of a
magnetic field, has been in use since the nineteen-sixties. Synchrotron radiation provides
intense continuum radiation up to the soft X-ray spectral regions. Recent advances in
magnet design have brought about a new generation of synchrotron facilities
characterized by dramatically increased spectral brightness at selectable wavelengths [2].
As a basic science, atomic and molecular physics provides not only answers to
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questions about the nature and properties of atoms and molecules but also accurate tests
of fundamental physical theories. The possibility to study core-excited atoms and
molecules opened up with the availability of synchrotron radiation poses challenges to
theoretical models. The conventional two-step-process model for dynamics of excitation,
where excitation and relaxation of atoms and molecules are considered as two separate
processes, is an example where the theory shows a breakdown. Photon and electron
emission, as a result of relaxation, are treated as independent processes with first-order
time-dependent perturbation theory. This two-step model, however, fails to illustrate the
excitation dynamics of the system when interference appears among competing
deexcitation channels near the threshold of inner and core-shell excitation. To achieve
advanced insights of atomic transitions, it is crucial to develop a model that describes the
excitation and relaxation processes in a consistent and systematic way [1].
Studies of photoexcitation and photodissociation dynamics of molecular systems at
core levels have become feasible with the advent of synchrotron radiation. The studies
are used to illuminate basic reaction mechanisms, which govern primary steps in a variety
of chemical processes. By understanding the nature of reaction products and their internal
energy content, we can predict sequential reactions in which they may participate. This
knowledge is of importance in many fundamental fields, such as atmospheric chemistry,
astrophysics and plasma physics.
Photoexcitation and photodissociation dynamics of triatomic molecules at energies
near core-shell ionization thresholds has attracted vast amounts of interest for a few
reasons: their spectra are not particularly complicated; their dissociation dynamics may
be modeled using theoretical methods [3]; and in general, knowledge of triatomic
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systems is a step towards more-complex systems. The research for this thesis has been on
the photoexcitation and photofragmentation dynamics of carbonyl sulfide (OCS) near the
sulfur 2p, carbon Is and oxygen Is ionization thresholds, using mass spectrometry. In
this work, we present partial-ion-yield spectra of ions created as a result of
photofragmentation and discuss the formation of cations and anions. We find that belowthreshold excited states efficiently produce singly charged cations while dications are
created predominantly above the thresholds. The anions S', C* and 0 are used as a
complementary probe for studying above-threshold structures. We investigate the FranckCondon region for several excited states at the S 2p threshold. We also discuss bending
geometry and fast dissociation upon the core excitation and ionization of OCS. This study
provides primary insights into photofragmentation dynamics following core excitation
and ionization of OCS. Therefore, it can be used as guidance for tailoring further
exhaustive experiments, such as coincidence measurements, to achieve in-depth
understanding of the photoexcitation and photofragmentation dynamics of OCS.

Theoretical background
Carbonyl sulfide is a linear molecule in the ground state, with the carbon atom in the
middle (0=C=S). It has 30 electrons and the ground-state electronic configuration is [1<T
2<r 3<r 4<r 5<r Itt'*] 6<r 7<r 8<r 9cr 2%"^ 3k * 4tt*, where the first six orbitals are core
orbitals, S Iso, 0 Iso, C Iso, S 2so, S 2po, S 2p7t.
Molecular orbitals of ground-state OCS have been calculated using the SelfConsistent-Field-method (SCF-MO) [4,5]. The 6o and 7o orbitals were found to
represent primarily the C -0 and C-S bonds, respectively. The 8o and the 9o M O ’s are
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mostly nonbonding and slightly antibonding molecular orbitals with the electron pair
primarily on the oxygen and sulfur atom, respectively. The 2% MO is bonding over the
molecule while the 3jt MO is weakly antibonding between the carbon and the oxygen
atom and weakly bonding between the carbon and the sulfur [4]. Molecular compositions
of ground-state OCS are shown in Table I [5].

Table I. The SCF-LCAO-MO computation with empirical Modified Neglected
Differential Orbital method
6c

7c

8c

2k

9c

3k

S-ls

0

0.006

0.001

0

0.002

0

S-2s

0

0.075

0.011

0

0.024

0

S-2p

0

0.008

0.001

0.013

0.023

0.132

S-3s

0.003

0.475

0.121

0

0.441

0

S-3p

0.001

0.028

0.007

0.110

0.158

1.404

C -ls

0.021

0.024

0.013

0

0.006

0

C-2s

0.091

0.219

0.154

0

0.103

0

C-2p

0.040

0.112

0.037

0.724

0.151

0.050

0 -ls

0.062

0.004

0.013

0

0.001

0

0-2s

0.737

0.047

0.325

0

0.019

0

0-2p

0.046

0.003

0.317

1.152

0.073

0.414

STO

Molecular compositions of core-excited OCS have not yet been calculated. Coreexcited molecules are treated with the semi-empirical Equivalent-Core Model. When a
core-shell electron is promoted to an unoccupied molecular orbital, the valence electron
cloud “sees” the core having a unit higher in positive charge, i.e., as the core of the
successive element in the Periodic Table. For example, in the model, an OCS molecule
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which has an O Is electron excited to the lowest unoccupied molecular orbital JC* is
treated as an FCS molecule. Properties of the core-excited states, such as vibrational
constants, equilibrium geometries and their dissociative nature, can be comparable with
those of the core-equivalent species.
Core excitation is an efficient way to excite specific atoms and atomic sites because
core electrons are highly localized. The excitation energies for different core levels of an
atom are considerably different, and the excitation energy of the same level (K, L, M,
etc.) is different for individual elements. In molecules, the excitation energies of core
levels of an element are modified as a result of chemical shifts. This allows exciting
selectively different atoms of the same element, which are located in a different chemical
environment within the molecule.
The absorption of X-ray photons by molecules brings about many processes to
dissipate the excess energy. These processes involve fluorescent radiation, electron
emission and bond breaking, e.g.:
OCS+/ZK ^ O C S *
OCS* ->O C S + A v'
OCS* ->O C S * + e
0 C S * ^ 0 * + C S *+ 2 e.
As a consequence of relaxation processes, the final states can be singly or multiply
charged depending on the photon energy, h cases of dissociation decay following core
excitation and core ionization, the ionization threshold can be seen as a significant point
below and above which the electronic relaxation demonstrates different dynamics, in
most cases involving Auger decay. Below the core-ionization threshold autoionization
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(or so-called resonant-Auger decay) leading to singly charged states is predominant. The
core electron can be promoted to empty molecular orbitals where it remains as a spectator
during the subsequent electronic relaxation or it can participate in this process as shown
schematically in Fig. 1.1 [6]. Above threshold, regular Auger decay frequently occurs
following ejection of the core electron. Doubly charged states are found largely in this
region. Double Auger and higher-order Auger decay can be active, resulting in formation
of higher charged states. At the onset of Auger decay, a sudden increase in the ionization
yield above the threshold is usually observed for atoms and molecules. In competition
with Auger decay is the generation of soft X-ray fluorescence, which can have
considerable effects in high-Z atoms. However, this decay channel is not of significance
in the energy range of this work and the occurrence is less than 0.1% [I IJ.

Continuum
Unoccupied orbital
Valence orbital

Core orbital

g a g g

—

---------

'•

B B S
-------------o—

—*_
------

-0(a)

(b)

(c)

Figure 1.1. Schematic of principal types of Auger processes. Closed circles represent
electrons; single-electron holes are shown as open circles, (a) Participator resonant
Auger, (b) Spectator resonant Auger, (c) Regular Auger.

Shape resonances in molecules are brought about by the anisotropy of the molecular
field, and relate to the dynamics of ejection of a core electron. The photoelectron is
momentarily trapped by the potential barrier of a shape resonance but eventually tunnels
through the barrier. Shape resonances, therefore, are “one-electron” effects in contrast to
Auger processes, which involve the transitions of two electrons. In photoabsorption
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spectra of molecules, shape resonances are often observed within 15 eV above threshold.
In many cases, their broad structures are mixed with structures of doubly excited states
populated in the same region. Therefore, identifying shape resonances is not a facile task,
and we often encounter contradictory conclusions about the identity of an above
threshold feature in the literature.

Historical studies of OCS at core levels
Core-level studies of OCS have become feasible with a high-intensity, tunable x-ray
from synchrotron radiation. Neutral excited states populated at resonant energies below
core-ionization thresholds have recently been the subject of numerous works [26, 29,48,
49]. In the earlier OCS x-ray absorption studies [25,51], quantum defect analysis of these
states was used for identifying molecular states. However, many states, particularly those
lying above threshold, were not resolved due to the inefficient energy resolution. Later,
angular-resolved ion-yield and total-ion-yield measurement techniques were combined to
strengthen quantum defect analysis of Rydberg states below the sulfur 2p and carbon Is
thresholds [29]. In the same study, vibrational structures of Rydberg lines were analyzed
and the results indicated an important role of the symmetry of Rydberg excited states in
variations of the nuclear distances.
Sulfur KP, oxygen Kct, carbon K a and sulfur L x-ray fluorescence emission spectra
of OCS were measured [5, 23, 50]. Magnuson et al. used sulfur L and carbon K x-ray
emission spectra to probe the relative timescales of dissociation and electronic relaxation
processes. They found that dissociation process could occur prior to electronic decay at
several resonant energies below the S 2p threshold. The study by Miyano et a i showed
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that polarized excitation to states of particular symmetry produced aligned intermediate
states and could lead to strongly polarized and anisotropic x-ray emission.
Multi-coincidence ion time-of-flight mass spectrometry was used for determining
branching ratios for numerous dissociative decay channels after sulfur Is and 2p
photoexcitation [30, 31,47]. Kinematics of molecular dissociation was simulated using a
simple Coulomb explosion model [31]. Auger spectra of OCS at core levels, in contrast,
were shown to be an effective method to study final states of undissociated doubly
charged OCS** [24].
Variation of molecular asymmetry parameter P as a function of the kinetic energy of
the photoelectron emitted near threshold was calculated [27]. The calculation showed the
effects of the anisotropy of molecular potential on P and predicted the existence of two
a * shape resonances in OCS. These theoretical findings were used exclusively to locate
shape resonances in photoabsorption spectra of OCS near the S 2p, C Is and O Is
thresholds [26,28].

In the following chapters, we investigate the formation of cations (chapter 3) by
analyzing the spectroscopy in the partial-ion-yield spectra. We focus on using anions to
disentangle above-threshold structures (chapter 4). In chapter 5, we discuss fast neutral
dissociation in competition with electronic relaxation of the core-excited OCS molecule,
and also bent geometry as a result of excitation of a core electron to the lowest
unoccupied molecular orbital.
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CHAPTER 2

EXPERIMENTAL

The measurements were conducted at Beamline 8.0.1 of the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory, California. This undulator beamline
provides X-rays in the energy range 80-1400 eV with resolution (E/AE) of about 8000.
Approximate resolution at the S 2p (161-183 eV), C Is (287.5-312 eV) and 0 Is (532552 eV) thresholds is 80, 150 and 180 meV, respectively, with a photon flux of 8xlO'°
photons/s when using an exit slit of 20 pm. The partial-ion-yield spectra are recorded
with a magnetic mass analyzer. The synchrotron X-ray source, magnetic mass
spectrometer and the detector as well as the partial-ion-yield spectra are described in
more detail in this chapter.

2.1.

The X-ray source

Synchrotron radiation, which is electromagnetic radiation emitted during the
acceleration of charged high-energy particles (electrons and positrons), has been in use
for a long time. It was first generated in the bending magnets of accelerators built for
high-energy particle-physics research. At the ALS facility, high-energy electrons are
deflected by strong magnetic fields, emitting electromagnetic waves which cover the
whole spectral range from far infrared to hard X-rays (15 keV). The light

10
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produced by a storage ring comes in the form of a fine and very intense beam, similar to
that from a laser.

Radio frequency
cavfty

Linac

Booster

Storage ring

Figure 2.1. Schematics of the electron accelerator

The electrons are accelerated before being injected into the storage ring. The linac, a
4 m long linear accelerator, brings electrons to relativistic velocity. In the booster, the
electrons reach 99.999996% of the speed of light, attain their target energy (1.5 or 1.9
GeV), and are injected into the storage ring. In the storage ring, 196.8 m in
circumference, the electron beam is maintained at the operating energy (1.5 or 1.9 GeV).
Here, electrons traveling with nearly the speed of light emit synchrotron radiation for
experimental use [7].
In general, a storage ring is an assembly of stainless steel vacuum tubes in the form
of a polygon with bending magnets at the comers. Their dipole magnetic fields deflect
the electron beam to maintain a closed orbit, at the same time giving rise to the tangential
emission of synchrotron radiation. Placed in the straight section of the stor%e ring are
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insertion devices, which greatly improve the brilliance of the synchrotron source. At
beamline 8.0, the insertion device is a 5-cm-period undulator that contains over one
hundred magnetic poles lined up in rows above and below the electron beam. The
magnets force the electrons into a snake-like path, so that the radiation from all the curves
adds together. The up-down oscillation of the magnetic field direction translates, via the
Lorentz force, to a horizontal oscillation of the electron beam trajectory. The successive
deflections of the electron beam result in the emission of synchrotron radiation of
extremely high brilliance [7].
As electrons circulate in the storage ring, they lose part of the energy through
emitting radiation and interacting with gas molecules. To minimize the loss of energy, the
storage ring is maintained in ultra-high vacuum of 10'^‘ Torr range, and the energy lost is
compensated by radio-frequency cavities, which provide an electric field for accelerating
the electrons (Fig. 2.1).

Experimental
chamber

Interchangeable
rotatable spherical
gratings
vertical
condensing
minor

Exit-slit
Horizontal
refocusing mirror

Undulator
Entrance
slit

Electrons

Figure 2.2. Schematic layout of beamline 8.0.
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Beamlines deliver the radiation from the storage ring to the experimental stations.
Beamline mirrors steer and focus a beam of photons to the target, a sample of interest
inside an experimental chamber. Monochromators select the desired photon energies. At
beamline 8.0 a spherical-grating monochromator can be used interchangeably among
three gratings of 150, 380 and 925 lines/mm. The resolution of the monochromator is
selectable by adjusting entrance- and exit-slit widths (Fig 2.2) [8].

2.2.

The magnetic mass spectrometer

Mass spectrometers use the difference in mass-to-charge ratio (m/q) of ionized atoms
or molecules to separate them from each other. Mass spectrometry is therefore useful for
determining chemical and structural information about molecules, which have distinctive
fragmentation patterns that provide information to identify structural components. The
general operation of a mass spectrometer can be separated into three parts: 1) create gasphase ions, 2) separate the ions in space or time based on their mass-to-charge ratio, and
3) measure the quantity of ions of each mass-to-charge ratio. In a magnetic-deflection
mass spectrometer, ions leaving the interaction region are accelerated to a high velocity.
The ions then pass through a magnetic sector in which the magnetic field is applied in a
direction perpendicular to the direction of ion motion. A magnetic sector alone separates
ions according to their mass-to-charge ratio. However, the resolution is limited since ions
leaving the ion source do not have the same energy and therefore do not obtain the same
velocity. To achieve better resolution, an electric lens that focuses ions according to their
kinetic energy is installed between the interaction region and the magnetic sector. The
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magnetic sector applies a force perpendicular to the direction of ion motion, and therefore
the trajectory of the ions has the form of an arc (Fig 2.3).

Effijsive gasjet
Gold mesh

Silicon
diode

Photons
ALS BL 8.0

Electric lens
Detector

Magnet

Figure 2.3. Schematics of the magnetic mass spectrometer

From the Lorentz force law, the magnetic field applies a force qvB that must be equal
to the centripetal force mv‘/ r as the ions move in an arc through the magnetic sector. All
ions after being accelerated by the electric field will have the kinetic energy T=eV=mv~/2.
From these two relations, the working equation for a magnetic mass spectrometer is
derived as follows [9]:

m

q

2V

The electric lens is usually held constant at a value V, which passes only ions
having the specific kinetic energy. Therefore the parameter that is most commonly varied
is fl, the magnetic field strength. The magnetic field is usually scanned exponentially or
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linearly by means of variable voltages applied on the magnet to obtain the mass
spectrum. A magnetic field scan can be used to cover a wide range of mass-to-charge
ratios with a sensitivity that is essentially independent of the mass-to-charge ratio.

Magnetic Mass Spectrometer Settings
0.6
0.5
3

O

0.4

■a
(0

2
<0
O)

2

0.3

0.2

o

>

10

1

80

Mass/Charge Ratio

Figure 2.4. Calibration curve for the magnetic mass spectrometer.

The ion-separation power of a mass spectrometer is described by the resolution,
which is defined as /? = m/dm, where m is the ion mass and Am is the difference in mass
between two resolvable peaks in a mass spectrum. The magnetic mass spectrometer used
in our experiments has a resolution of 50:1.
The OCS gas is injected into the reaction chamber through an effusive gas jet (Fig.
2.3). The ions created during interaction of the gas and the photon beam are extracted
fi~om the reaction chamber and accelerated toward the magnetic mass analyzer by an
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electric sector, an assembly of steering plates and lens elements. The ions are focused at
the entrance slit of the magnetic mass analyzer. Measured ions with a specific mass-tocharge ratio are selected by adjusting the magnet voltage and then pass the spectrometer
to the detector.

2.3. The detector
The detector used in our measurements is a channel electron multiplier (CEM ). The
CEM detector looks like a funnel connected to a long, curly tube. The inner wall of the
CEM is coated with a material that has a high surface resistance. When a potential is
applied between the input and output end of the CEM, the resistive surface forms a
continuous dynode. A dynode has the property of emitting secondary electrons when
primary particles impinge upon it. The secondary electrons are accelerated down the
channel by a positive bias until they strike the surface again and generate further
secondary electrons. Repeated collisions with the channel wall results in an avalanche of
secondary electrons, which are detected at the anode of the CEM.

The charge is

amplified by a factor of 10® through the CEM.

2.4. The partial-ion-yield spectra
A partial-ion-yield spectrum is acquired by scanning photon energy while recording
the number of selected ions. The spectra over the energy ranges of 162-183 eV (S 2p
threshold) and 287.5-312 eV (C Is threshold) are recorded by scanning photon energy
with 20-meV intervals. A 50-meV interval in photon energy is applied for recording the
spectra over the energy range of 532-552 eV (O Is threshold). Each scan takes about 40-
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45 min. To gain better statistics for the spectra of the low-yield ions, scans are repeated 35 times and the spectra are summed. An example of a partial-ion-yield spectrum is shown
in Fig. 2.5.
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Figure 2.5. Partial-ion-yield spectrum of S* in the photon energy range of 162-183 eV.
The vertical scale represents the yield of

ions in arbitrary units.

The photon-energy scale is calibrated with respect to energy positions of the 4%* and
Rydberg spectral lines on the OCS photoabsorption spectra at the S 2p, C Is and O Is
thresholds provided by previous measurements [25,26,29]. The photon flux is monitored
with a silicon photodiode mounted after the reaction chamber. The gas pressure is
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maintained essentially constant at about 10'^ Torr for all spectra. Because the
spectrometer discriminates the ions, lighter and energetic ions are not transmitted through
the spectrometer as well as heavier ions, and the partial-ion-yield spectra do not reflect
accurately the quantitative relation among the yields of different fragment ions
(branching ratios). Therefore, during a period of two-bunch timing of the storage ring a
time-of-flight mass spectrometer, which provides a constant 30% transmission efficiency
for all cations, replaces the magnetic mass spectrometer to determine the relative yields
of different cations. The time-of-flight mass spectrometer was described in detail by
Hansen [10]. Branching ratios were obtained for seven ions CS*, OVS**. C , S \ OCS*^,
C 0 \ and C** at 179.14, 305 and 547.73 eV (Table II). A branching ratio of 1% was
assumed for the total production of the other low-yield cations.

Such calibration of

intensity could not yet be done for anions since the time-of-flight mass spectrometer was
not particularly designed for measuring anions.

Table B. Branching ratios o fC S \ 0 7 S ^ , CT, S*, OCS^, CO*, and C** at 179.14,
305 and 547.73 eV
Branching ratios, %
Ion

179.14 6V

305.00 eV

547.73 eV

1.1

0.9

0.9

0*IS**

22.0

32.9

34.4

c*

17.1

22.1

22.0

s*

28.0

23.3

23.5

COS*"

6.9

2.4

0.9

CO*

24.7

17.5

17.3

c**

0.3

0.8

1.0

CS*
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The photon flux and the branching ratios are used to normalize and relate the ionyields. First, each scan is divided by the photon flux to obtain a relative partial cross
section. The ion-yields are then placed on an absolute scale according to the branching
ratios presented in Table II. The branching ratios at 179.14. 305 and 547.73 eV are used
for the scans over the energy ranges of 162-183 eV, 287.5-312 eV. and 532-552 eV.
respectively.
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CHAPTERS

THE FORMATION OF CATIONS FOLLOWING PHOTEXCITATION AND
PHOTOIONIZATION OF OCS NEAR THE S 2p, C Is AND 0 Is THRESHOLDS

Electronic relaxation by Auger decay, in most cases, causes the loss of valence
electrons, which form the molecular bonds. Therefore, cations created after electronic
relaxation often dissociate to positively charged molecular and atomic ions. Molecular
dissociation dynamics can be studied using mass spectrometry. A considerable number of
molecular systems have been investigated utilizing this method [20-22,29-33].
In this chapter, we report the partial-ion-yield spectra of fragment cations from OCS
and discuss the formation mechanism of the cations after core-shell photoexcitation and
photoionization of the molecule.

3.1. The Sulfur 2p threshold
Fifteen cations and three anions are detected at the S 2p threshold. The partial-cation
yield-spectra are presented in Figs 3.1, 3.2, 3.3 and 3.4 (The anions are subject to
discussion in chapter 4). Due to spin-orbit splitting of the 2p level of sulfur, the In orbital
is associated with S l^ in . and S 2pi/2 energy levels (J=3/2 and J= I/2). Led by earlier work
[29], we assign the first two spectral lines in the spectra to the transitions (S l^ in ) *(4jc*)
and (S 2pi/i)'^(47C*). Discrete features that appear at higher energies are attributed to

20
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Rydberg excited states (see Table HI) The S 2p3/i and S 2pi/2 ionization thresholds are at
170.6 and 171.8 eV, respectively.

Table m . Observed energies of the S 2p excited states of the OCS molecule

Energy (eV)

State

164.25

4n*3/2

165.51

4n*i/2

166.94

4S3/2

168.06

4s 1/2

168.19

4p3/2

168.71

3d%2

168.83

5S3/2

169.57

4pi/2

169.96

3di/2
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Figure 3.1. Partial-ion-yield spectra of C*, O VS^, CO^, and CS^ in the energy range of
161.5-183 eV
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Figure 3.2. Partial-ion-yield spectra of S* SO^, SO^, and
161.5-183 eV

in the energy range of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

24

OCS'
0.03

0.02

0.01

0.8

OCS"

c
3

I

0.4

tc
c

0.0

0.09

0.06

OCS

0.03

0.00
162

164

166

168

170

172

174

176

178

180

182

Photon energy (eV )

Figure 3.3. Partial-ion-yield spectra of O C S \ OCS"^, and OCS"^ in the energy range of
161.5-183 eV
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The cations can be formed through various dissociation channels. Examples of these
channels are as follows:
OCS*

OCS++ e' -» S" + CO + e'
S+CO* + e
0 + CS+ + e

OCS*

OCS** + 2e‘ -> S* + CO* + 2e'
0 + C * + S* + 2e
0 * + C + S* + 2e
0 * + CS* + 2e

OCS*

OCS*** +3e - > 0 + C* + S** + 3e'
0 * + C* + S* + 3e'

Single autoionization dominates the region below the core ionization threshold. The
singly charged parent ion OCS* and fragments formed via single ionization are
predominant in this region. When the incident photon energy exceeds the ionization
energy of a S 2p electron, the core electron can be ejected into the continuum followed by
emission of an energetic Auger electron(s). The molecule becomes highly charged and
unstable with respect to dissociation. Multiply charged ions are mainly created at above
threshold energies, after Auger decay of the core-ionized molecule. Evidently, spectra of
highly charged cations show substantial intensity above the threshold (Figs. 3.3 and 3.4).
In OCS* and OCS** parent ions, the C-S bond is weaker than the C -0 bond and
more frequently broken than the C -0 bond. This can be inferred from the partial-ionyield spectra, the S* yield being considerably higher than the 0 * yield, and the CO* yield
is about 10 times as high as the CS* yield when comparing the partial-ion-yield spectra.
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The C-S bond has been observed in photoion-photoion coincidence measurements to
cleave nine times as often as the C -0 bond [30]. In addition, it was pointed out that the
yield of CO* was much larger than that of CS* even before the onset of S 2p excitation
[35]. This also indicates the relative strength of the C -0 and C-S bond [46].
Since the 4jt* orbital is anti-bonding, residence of an electron in this orbital leads to
stretching the bonds. After excitation of the core electron to the 4tc* orbital, spectator or
participator Auger decay can take place. Spectator Auger decay can create states with two
holes in the valence shell and an electron in the 4tt* orbital. These states are very likely to
dissociate via charge separation. Ankerhold et al. [30] reported that dissociation of
unstable OCS* into CO + S* is the major fragmentation channel, which happens in about
40% of all relaxation channels after core-excitation, and more than half of the decay
channels below the S 2p threshold are expected to release a neutral fragment. By contrast,
participator Auger decay leaves the molecule with only one hole in the valence shell and
the resulting states may be stable against fragmentation. An undissociated OCS* ion at
the An* resonances, therefore, must be the final product of participator Auger decay, or
equivalently, resonant valence photoionization. On the other hand, Rydberg orbitals are
separated from the valence shells, thus the excited electron in a Rydberg orbital only
weakly participates in the relaxation processes. Singly charged states (OCS*) created as a
result of participator Auger decay on Rydberg resonances may be more stable than on the
4ic*, since Rydberg electrons should only slightly affect the chemical bonds. This is
implied ft-om the OCS* spectrum, in which the 4s lines are more intense than the 4ic*
lines. The intensity of the OCS* spectrum after the S 2p thresholds decreases steadily to
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background, indicating that the cause of OCS* formation above threshold is direct
ionization of the valence shells.
The lowest-lying OCS** state, as shown by Auger-electron spectroscopy [24], has
two vacancies in the 3k valence orbital. This configuration can be reached above
threshold via Auger decay following the ionization of a S 2p electron; an electron from
the 3ti orbital fills the vacancy in the S 2p level accompanied with ejection of another 3it
electron to the continuum. The formation of OCS** below threshold might result from a
stepwise resonant Auger with participation of the excited electron. The excited electron
in the 4ji* or Rydberg orbitals might fill the core hole, transferring the excess energy to
ejection of a 2k electron, (S 2p)'‘(47C*) or (S 2p)‘‘(/il)-> ( 2k ) ' \ Subsequently, the hole in
the 2k may relax through Auger decay to the final states of CCS** (37t)'". This
mechanism is supported by calculations [36], which predicted some admixture of
(27t)''(37t) ' in the primary configuration O k )'~ of the OCS** state.
Thermochemical calculations show the lowest-lying CCS** ion at 30.4 eV relative to
the OCS in ground state is unstable by 2.8 eV with respect to dissociation to CO* and S*
and thus, all OCS** ions are expected to be unbound [24]. However, we detected OCS**
at the S 2p, C Is and O Is thresholds with a rather high yield. Photoion-photoioncoincidence measurements [30] showed that the channel producing stable OCS** ions and
the dissociation channel OCS**-> CO* + S* occurred with essentially equal probability
near the S 2p threshold.
The production of OCS** as well as the other highly charged cations is strongly
enhanced in the region of doubly excited states and shape resonances above the S 2p
threshold. It is likely that OCS** is produced via participator Auger decay of doubly
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excited states to OCS** (3n~) final states. This is somewhat contrary to an observation by
Ankerhold et al., who noticed no difference in the OCS** branching ratio in this region
[30].
According

to

the

Bora-Oppenheimer approximation,

electronic

motion

is

independent of nuclear motion and electronic matrix elements can be separated from
nuclear terms, i.e., the Franck-Condon factors. In other words, electronic motion is much
faster than nuclear motion and when the electronic transition takes place, the molecule
essentially stays in its initial geometry. At room temperature, the OCS molecule is
essentially in the ground vibrational state and the Franck-Condon region is defined as the
amplitude of the interauclear distances. The Franck-Condon factors provide information
on the molecular geometry changes between the initial and final states. The changes in
geometry, i. e., the potential surface of the core-excited molecule is different from that of
the ground state, give rise to vibrational structures visible in ion-yield spectra if the core
hole lifetime is large enough. Vibrational structures are resolved for the Rydberg
resonances at the S 2p threshold, but not for the 4tc* resonances. Two vibrational modes
Vi and V3, corresponding to linear stretching of the C-S and C -0 bonds, can be excited
simultaneously along with electronic transitions to Rydberg orbitals. Using commercial
software (PEAKFTT 4.0) and Gaussian functions for fitting the 4 s3/2 and 4s 1/2 lines, we
can derive from each line up to five vibrational members of Vi with a vibrational spacing
of 130 meV, and two members of V3 spaced by 250 meV (Fig. 3.5). The natural width of
the transitions is 110 meV, from which the lifetime of the excited states is estimated to be
about 610"*^ seconds. A broad Franck-Condon region is also observed for the Ss^n.
transition: three vibrational levels of the Vi mode are populated upon the excitation to the
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5s3/2 orbital. The large vibrational envelope of the Rydberg ns series manifests an
apparent change of the molecular bond lengths upon the electronic excitations (S 2p)'
'(ns). It is indicated that the screening effect of the Rydberg electron weakens the bond
strength due to a large penetration of ns Rydberg orbitals into the valence shell.
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Figure 3.5. Partial-ion-yield spectrum of C in the energy range of 166.25- 169.55 eV.
The vertical bars show the positions of the vibrational members.
The transition of a S 2p electron to the 4
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the (S 2pi/2) '(4îi*) state is located in the deeper level and the interaction between the
excited electron and the remaining electrons is stronger the (S 2pi/2) '(4 ji*) state must be
more repulsive than the (S 2p3/2) ‘(4jt*) state, which leads to the big difference between
the bond lengths of the two states [29]. Such differences between the (S 2p\rù'^(n[) and
(S 2 p 3 a ï\n l) Rydberg states are not pronounced because the excited electron is
separated from the valence electrons and thus interacts weakly with the remaining
electrons.

3.2.

The Carbon Is and Oxygen Is thresholds

The partial-cation-yield spectra at the C Is threshold are presented in Figs. 3.6, 3.7
and 3.8. The intense discrete peak at 288.2 eV is interpreted as arising from the excitation
o f a C Is electron to the 4ti* orbital. The structures at higher energy below the C Is
threshold are associated with promotion of a C Is electron to Rydberg orbitals. They have
been assigned as the transitions to 3s, 3p, 3d, 4p and 5s orbitals [29]. Above the 5p
resonance are series of unresolved ns and np Rydberg states spanning to the C Is
threshold, which is at 295.5 eV. The broad, weak structures at about 297.6 and 298.5 eV
may come from doubly excited states involving the excitation of a C Is electron to the
4ti* orbital [25].
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Figure 3.6. Partial-ion-yield spectra of CT, S \ OVS% and SO* in the energy range of
287.5-312 eV
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Figure 3.7. Partial-ion-yield spectra of C 0 \ CS^, and OCS^ in the energy range of
287.5-312 eV
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Figure 3.8. Partial-ion-yield spectra of C % C S^, and O CS^ in the energy range of
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Gaussian fitting o f the 4jt* spectral line performed by Erman et al. showed only four
members of the Vi vibrational mode, which led them to conclude a linear configuration
for the molecule in the (C ls) ‘(4n*) state. In contrast, another analysis using leastsquares fitting [34] reported that the intensity o f the 4jt* resonance could mainly be
distributed to three vibrational levels of the V3 mode. The vibrational firequency of the
bending mode is about 80 meV, smaller than the instrumental resolution at this energy
(about 150 meV); therefore, it is not possible to resolve single members of the bending
mode. However, since we detect the SO^ ion with a fairly high yield at the 4jt* resonance
at all three core-level thresholds (S 2p, C Is and O Is), we can deduce that the vibrational
bending mode v? is excited upon the transition of an electron from S 2p, C Is and O Is
core orbitals to the 47t* orbital, and the molecule probably exhibits bending geometry on
dissociation (This will be discussed further in Chapter 5).
The spectra of singly charged cations at the C Is threshold closely resemble the
photoabsorption spectrum [29]. The 4tt* resonance is predominant in the spectra o f all
cations. Compared to the singly charged cations, the dications C ^ , CS% OCS*^ are of
much lower intensity (at least 10 times as low). In the dication spectra, the 4tc* lines
contain the most intensity. This is rather different from the spectra of the same dications
at the S 2p threshold, in which the 4tc* state produces dications much less efficiently than
the Rydberg and continuum states. In addition, the absence (or extremely low yield) of
the dications C O ^, SO*^,

and all triply charged cations reduce the number of

possible channels leading to dications. The dications could be created in conjunction with
the formation of anions but this channel should not be of major contribution because the
anion production is very weak.
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Partial-ion-yield spectra of cations near the O Is threshold are shown in Figs. 3.9,
3.10 and 3.11. The O Is threshold is at 540.3 eV [25]. In general, the spectra are
dominated by the 4jt* resonance. Several weak structures of Rydberg states appear at
higher energy. Using the quantum defects of the 3s, 3p and 3d states derived from the
spectra at the C Is threshold, which are 1.21, 1.09 and 0.60, respectively [29], we
tentatively attribute the three structures in the O Is partial-ion-yield spectra to the 3s, 3p
and 3d states. In the spectra of dications, the onset of regular Auger decay appears more
distinguishable at the O Is threshold than at the C Is threshold. This implies that double
ionization by Auger decay might be of relatively more significance in producing the
dications at the O Is threshold than at the C Is threshold.
No vibrational structures are resolved for the 4%* resonance. However, the
asymmetry of the peak indicates the activation of some vibrational mode(s) at this
resonance. As mentioned above, the observation of the SO* ions at the 4ti* resonance
suggests that excitation of the vibrational bending mode is involved in the transition of an
O Is electron to the 4n* orbital.
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Figure 3.9. Partial-ion-yield spectra o f C^, S \ 0^/S% and SO^ in the energy range of
532-552 eV
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Figure 3.11. Partial-ion-yield spectra of C ^ , CS^, and OCS^ in the energy range of
532-552 eV
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CHAPTER 4

ANION FORMATION FOLLOWING PHOTOEXCITATION AND
PHOTOIONIZATION OF OCS NEAR THE S 2p, C Is AND O Is THRESHOLDS

Since the first attempt about 20 years ago to simultaneously detect ions created upon
ionization and dissociative relaxation of molecules following interaction with X-rays,
most studies of molecular photoff^mentation dynamics have focused on cations. Anions
have not attracted an intense interest mainly because the probability for producing highenergy charge- transfer states that may lead to formation of anions is usually very small.
Most anion studies have been carried out in the valence and inner-valence regions of
molecules, where ionization and dissociation of the molecules often occur as a successive
step after the formation of neutral excited states [13-19]. Doorway states to ion-pair
formation were established to be neutral excited states including excited valence states,
excited Rydberg states converging to single-ionization thresholds and doubly excited
states lying between single- and double-ionization threshold energies. Ion-pair formation
can be resonantly enhanced when an ion-pair continuum strongly interacts with the
excited valence (or Rydberg) states [12].
By contrast, at core-level excitation energies molecules exhibit different dissociation
dynamics. Autoionization processes involving emission of one or more Auger electrons
dominate direct dissociation and radiative decay. Consequently, the doorway states of

40
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dissociation are often singly or multiply charged states. Probability to form ion pairs in
the core-level region is reduced remarkably since the positive electrostatic field of the
molecule hinders electron capture by a constituent atom. However, anions have been
detected in the vicinity of core ionization and even up to double-ionization thresholds
[20-22]. It has been shown that anion formation following core-shell photoexcitation can
be a specific probe of core-level resonances associated with electronegative atoms in a
molecule and can be used as an uncomplicated and complementary means to unravel
ever-controversial assignments of resonant structures above ionization thresholds.
In this chapter, we investigate the formation of the anions S’, C and O’ by
photoexcitation of carbonyl sulfide (OCS) in the vicinity of S 2p, C Is and O Is
ionization thresholds. In line with an earlier study by Stolte et al. [22], we emphasize the
study of anions as a new approach to identify shape resonances above thresholds. Effects
of post-collision-interaction (PCI) and localization of the 471* molecular orbital in OCS
also are discussed.

4.1.

The Sulfur 2p threshold

Partial-ion-yield spectra of S’, C and O’ at the S 2p threshold are shown in Fig. 4.1.
A pressure study has been done to confirm the anions are created through unimolecular
processes. The anion spectra were recorded at different gas pressures, and the production
of anions shows a linear dependence on gas pressure. It is, therefore, concluded that the
anions are produced from single collisions of molecules and photons.
The anion spectra naturally exhibit resonances similar to those observed for
photoabsorption. Below threshold, two series of spectral lines arise from excitation of S
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2p3/2 and S 2p 1/2 electrons to the lowest unoccupied molecular and Rydberg orbitals. The
assignment of these resonances has been done earlier [29]. The spectra show vibrational
structures along with electronic transitions to Rydberg states. No vibrational structures
are discerned for the first two lines, which correspond to excitation to the 47t* orbital.
This state involves vibrational bending and stretching modes and the overlap among them
makes individual vibrational lines unresolved.
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Figure 4.1. Partial-ion-yield spectra of S', C and O' in the energy range of 161- 183 eV.
Zeroes in the vertical axis of the spectra are shifted.
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In the domain of doubly excited states and shape resonances above threshold, an
array of broad feamres is observed in the anion spectra as shown in the blown-up view in
Fig. 4.2. Very little of the intensity stems from direct ionization of the valence shells as
indicated by the low spectral background at the lowest energies in the Fig. 4.1.
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Figure 4.2. Partial-ion-yield spectra of the anions S’, C and O’, and the cation C in the
energy range of 171.8- 183 eV. Zeroes in the vertical axis of the spectra are shifted.

Anions can be produced from the OCS molecule by a number of pathways.
Compared to diatomic molecules, the triatomic nature of OCS brings in additional
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intricacy to pinpointing the main dynamics for the formation of anions. For example. S'
can be a dissociation product of di^erent parent states:
1)O C S *-> S +CO^

S +C T+0
S' + C + O*

CS* + 0 ; CS*->S' + Cr

2) OCS**

S' + CO**
S +C * + 0 *
S' + C** + 0

S' + C + O**
CS* + 0 * :

C S * ^ S' + C*

3 )0 C S ***-> S ' + C* + 0 **
CS** + 0 * ;

C S **-> S + C **

The neutral doorway state (I), OCS*, was shown to play a major role in producing
anions at the energy of valence levels, but that is not the case for core excitation. Because
less than 0.1% of the core-excited OCS molecules undergo radiative decay, the only
pathway to reach state (I), it cannot be a substantial precursor of anions.
The doubly ionized doorway state (3), OCS***, is created mostly above threshold
after ejection of a second electron upon regular Auger decay. The production of state (3)
can be enhanced at continuum shape resonances. As shown by Stolte et al. for the
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formation of O from CO [22], C*** ions produced in ion-pairs with O' (OCS***

C***

+ O') have not been detected and therefore, the production of anions at shape resonances
should be negligibly weak. This seems to be ratified in other studies of SO; and CO:
[20.21] where shape resonances were suppressed in anion spectra.
Having eliminated states ( I) and (3), we conclude the singly charged state (2),
OCS**, is the primary doorway to the formation of anions. Below threshold, they are
formed after valence or Rydberg excited states decay by single resonant Auger. In
contrast, doubly excited states followed by emission of one electron during regular Auger
decay account for the presence of singly charged states above threshold.
Shape resonances have not yet been well established for OCS. Although there are
tentative assignments for some above-threshold structures as coming from shape
resonances, there is no consent in the literature. Interestingly enough, we observe in the
anion spectra clear diminishment of some above-threshold maxima which appear rather
clearly in the spectra of cations. Comparing with cation spectra at the S 2p threshold,
anion spectra are recorded with lower signal-to-noise ratio due to the very low count rate
of anions. However, we can see clearly in the S' and O' spectra that the feature at about
177.3 eV, which is well discerned in the C* spectrum, decreases in intensity. This spectral
maximum was estimated at about 177.5 eV and was suggested as a a * shape resonance
[23]. Our S' and O' spectra support this assignment. We note an intensity decrease of this
feature is not clear in the C spectrum. It might happen that some C ions can be produced
on shape resonances if the initial singly ionized states of shape resonances decay
radiatively to singly charged doorway states leading to C , as Stolte et a i presumed.
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The anion yield near the S 2p threshold also manifests localization at the sulfur atom
of the excited electron in the 4Jt* orbital. In the S' and O' spectra, the OCS*
(S 2p3/2)'‘(4ji*) and (S 2pt/2)'‘(47t*) states are major contributors to the spectral intensity
below threshold while C ions are produced more on the OCS* (S 2p3/i)‘‘(4s) and
(S 2pi/2)''(4s) excited states. Since the formation of anions is related to the possibility that
the excited electron attaches to the constituent atom, the anions S', C and O' can be
assumed to have roughly the same branching ratio at Rydberg excitation energy due to
the even distribution of Rydberg orbitals about the molecule. Comparing the intensity of
the 47t* lines to that of the Rydberg 4s lines in the S', C and O' spectra generates the ratio
2.8:1:1.6, respectively. Coupled with the fact that O is more electronegative than S and
the electron affinity of C is slightly smaller than that of S. this ratio qualitatively indicates
that the electron in the 4tc* orbital is strongly localized at the S atom.

4.2. The Carbon Is and Oxygen Is thresholds
Spectra of S', C and O' at the C Is threshold are presented in Fig. 4.3, along with the
spectrum of C* for a convenient comparison. The 47t* resonance appears predominantly
in the spectra of all fragment anions. Five resolved structures showing up after the 4tc*
are attributed to excitations to the 3s, 3p, 3d, 4p and 5s Rydberg orbitals. The C Is
ionization threshold is at 295.5 eV.
Above threshold we see more features than Wight and Brion did in their Electron
Energy Loss Spectroscopy (EELS) measurement, which showed only 2 features at 297.5
and 298.3 eV [25]. The additional peaks seen in our data were also observed some time
ago by Sham et a i in their Near Edge X-ray Absorption Fine Structure (NEXAFS) study
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[26], but there is strong disagreement in energy position of the peaks between our data
and theirs. In our spectra, the peaks are shifted 1-2 eV to higher energy. So far we do not
understand the origin of this large discrepancy.
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Figure 4.3. Partial-ion-yield spectra of S \ C , 0 and CT at the C Is threshold. The energy
ranges from 287.7- 309 eV. Zeroes in the vertical axis of the spectra are shifted.

Two <5* shape resonances corresponding to the 1=3,4 partial-wave channels are
expected in each of the C Is and 0 Is regions [27]. These so-called / and g resonances
were observed in photoelectron-yield measurement at about 305 and 312 eV, respectively
[28]. Above the C Is threshold, two maxima appear at about 298 and 305 eV in all our
cation spectra with fairly weak intensity. Looking for these structures in the anion spectra
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we find no noticeable maximum at 305 eV and a very weak and broad structure at 298
eV. This observation seems consistent and supportive to the earlier assignment.
Near the C Is threshold, production of SO"^ is undetectable. The absence of SO"^
rules out the possibility to form SO ^ and C ion-pairs from OCS*'*' states. Because SO**
is formed as a dissociation product of vibronic-coupling states, it can be implied that
vibronic coupling states seem likely to fragment to C in either a three-body or a quasi
two-step dissociation process. In contrast, the observation of CS** and CO** may indicate
that the formation of ion-pairs CS** - O’ and CO** - S’ is possible. A similar situation is
seen at the O Is threshold: SO** and CO** are hardly measurable. Therefore, the only
two-body dissociation process that may produce anions is O C S **-) CS** + O’.
Near the O Is threshold, o * shape resonances were assigned to structures at 550.2
and 558 eV [26] (The latter is not in our measured energy range). Two fairly strong
features at 544 and 550 eV and two weak structures at 546 and 547 eV. which are
reported for the first time in this work, are visualized in the C* spectrum. Spectra of C
and O’ are presented along with the C* spectrum in Fig. 4.4 (a S’ spectrum is not shown
due to its low count rate). All the structures mentioned above appear feebly but
distinguishably in the anion spectra. In fact, no significant decrease in intensity of these
structures is noticed in the anion spectra, in comparison with the C* spectrum, at least
within the available statistics. We suggest all of these features to arise from doubly
excited states.
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Figure 4.4. Partial-ion-yield spectra of C , O' and C* in the energy range of 532.7-552 eV.
Zeroes in the vertical axis of the spectra are shifted.

Below the 0 Is threshold, we see three well-resolved spectral lines at 536.1, 537.1
and 538.6 eV. These lines have not been observed in NEXAFS and EELS studies [25,26]
and thus no assignment has been available for them. As mentioned in Chapter 3, we
assign these structures to the 3s, 3p and 3d excited states. The anions are found to be very
weakly created on these resonances. It can be a surprise that the production of the anions
is enhanced quickly at the threshold (estimated at 540.3 eV [25]) as commonly seen in
production o f dications, and right after the threshold it drops exponentially within 2 eV to
the “background”. The fall in intensity of anions can be explained: a result of Post-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

50
Collision Interaction (PCI). The PCI just about 1-2 eV above threshold allows the
formation of singly charged states. In this energy region, the photoelectron emitted by
core-shell ionization has very low kinetic energy while the Auger electron created on
relaxation of the excited photoion is much more energetic and leaves the molecule faster.
PCI is described semi-classically as the interaction and energy exchange between the
photoelectron and Auger electron as the latter catches up with the former. As a result, the
photoelectron can be recaptured by the molecule, ending up in a Rydberg orbital. The
singly charged states produced as a consequence of PCI recapture are similar to those
created by relaxation of core-to-Rydberg excited states: both are characterized with two
vacancies in the valence shell and an excited electron in a Rydberg orbital. Thus, PCI
recapture can lead to anion production just above threshold.
The dramatic increase in anion yield just below threshold might be because excited
states at this energy interact strongly with the ion-pair continuum, differing in character
from the lower Rydberg states. However, we are not able to provide a plausible
interpretation for this phenomenon at this time.
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CHAPTERS

VIBRONIC COUPLING OF THE CORE-EXCITED STATES OF OCS AND
FAST DISSOCIATION IN COMPETITION W ITH ELECTRONIC RELAXATION

5.1.

Vibronic coupling in core-excited states of OCS

The fact that SO^ ions are observed at all three thresholds, S 2p, C Is and O Is, may
be surprising because the parent molecule in its ground state possesses a linear geometry.
However, a bent geometry in a linear triatomic ABC, which gives rise to the formation of
molecular ion AC*, is well known as a consequence of Renner-Teller vibronic coupling
of bending vibrations in the tc* excited states with a bent equilibrium geometry. The
effect has been observed in a few triatomic systems, such as CO2, CSi and NiO in the
photofragmentation of the excited molecules [20,43,44]. Through the Renner-Teller
vibronic coupling the twofold degeneracy of the core-to-7C* excited state is removed. The
state is split into the core-to-Jt*in plane excited state with bent geometry and the core-toof plane excited state, which remains linear. In the OCS molecule, the vibrational
bending mode is activated upon the electronic excitation to the 4jt* orbital. The excited
molecule can decay to dissociative singly charged states, from which a S -0 bond may be
formed simultaneously with the cleavage of the C-S and C -0 bonds.

51
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Figure 5.1. The spectra of SO^ and C* at the S 2p, C Is and 0 Is thresholds. Zeroes in the
vertical axis of the spectra are shifted.
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As shown in Fig. 5.1, the production of SO^ is considerable at the 4jc* excited states,
and almost exclusively at the (C ls)'*(47t*) and (O ls)‘‘(47t*) states. Bent geometry in the
OCS excited molecule, which conditions the formation of SO* ions, has been thoroughly
studied for the (C ls)"'(7[*) excited state [43]. Near the S 2p threshold, the bond angle of
the molecule at the (S 2p3/2)'‘(4îi*) and (S 2pl/2)'*(47t*) states has been estimated to be
132° and 140°, respectively [29].
Near the S 2p threshold, SO* fragments are produced efficiently also at the 4s, 3d
and 5s Rydberg excited states. In contrast, the production of SO* in the C Is and 0 Is
regions is relatively weak at the Rydberg states. It is interesting that SO* ions are
produced very sparingly from np Rydberg states but appear in considerable amounts at
the ns Rydberg resonances. For C Is, the intensity of the 3p and 4p Rydberg resonances
is reduced drastically in the SO* spectrum in comparison to the C* spectrum while the 3s
resonance remains relatively strong. This does not seem straightforwardly explainable by
the Renner-Teller effect because the 3s Rydberg state is a non-degenerate state and is not
influenced by the Renner-Teller effect, the molecule in this state should retain a linear
geometry. The occurrence of a bent geometry in OCS at the 3s resonance indicated by the
fact that SO* ions are detected at this energy can be understood if we do not assume that
dissociation following core-shell excitation is related only to stable geometries. Instead,
the Auger decay and the dissociation probably occur during the vibrational bending
motion around the stable linear geometry. The OCS molecular ground state has Z
symmetry. The n* excited states are of total f l symmetry and the ns Rydberg excited
states primarily belong to the Z type [29]. Therefore, transitions of core electrons to the
7C* state are “dipole-allowed”, while the transitions to the ns Rydberg states are “dipole-
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forbidden”. The presence of ns Rydberg excited states in the ion-yield spectra implies
that the transitions to ns Rydberg states may not be of a pure Z-Z and there may occur
mixing of these states with states that have FI symmetry. Indeed, it was experimentally
shown that the 3s state, upon fragmentation, exhibited some I I character [29]. This state
is probably mixed with the dipole-allowed intensity-lending 4ti* state through coupling
with the bending vibration. The transient bent geometry due to the coupling probably
gives rise to the formation of SO* ions. On the other hand, since the np Rydberg orbitals
are relatively well-separated from the valence orbitals the np Rydberg states are not able
to interact strongly with the 4ji* state through the bending vibration. This may partially
explain the inefficiency of the np Rydberg states in producing SO* ions.
Since excitation of the vibrational bending mode essentially associates with the
excitation of an electron to the tc* orbital, doubly excited states involving the promotion
of valence electrons in conjunction with the transition of a core electron to the 4%* orbital
may have a bent geometry. Based on this argument, the above-threshold structures in the
SO* spectra might be attributable to doubly excited states where the excitation of an
electron from the S 2p, C Is and O Is core orbitals to the 4jc* orbital is involved. In fact,
the broad feature, which appears at 298.3 eV in the SO* spectrum, was observed some
time ago in an EELS spectrum and assigned as a doubly excited state with a C Is electron
excited to the 4tc* orbital and a valence electron promoted to an empty molecular orbital
[25].
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5.2.

Fast dissociation in competition with electronic relaxation of core-excited OCS

Photoexcitation and photoionization of a molecule usually lead to its dissociation
because there exist many repulsive states responsible for direct dissociation or
predissociation among the manifold of excited states. Direct and fast dissociation and
electronic relaxation are two competing processes following the core excitation of the
molecules. The first observation of ultra-fast dissociation occurring before the Auger
decay of a core-hole was reported about 20 years ago for the (Br 3d)'*(o*) resonance of
HBr [37]. Later, many other systems have shown similar behavior in variable amplitudes:
HiS at the S 2p threshold. Cl?, HCl, and CH 3CI near the Cl 2p threshold, and 0% near the
O Is threshold [38-42]. These systems were studied using primarily photoelectron
spectroscopy and mass spectrometry. Theoretically, it is possible to estimate the role of
the core-hole lifetime and the relative weight of the departing fragments on the
competition between direct dissociation and electronic relaxation [42].
Fast dissociation in competition with electronic decay of core-excited states of OCS
has been investigated using X-ray emission spectroscopy [23]. X-ray emission spectra at
the energies of the (S 2 p)'‘(4 jt* 3/2), (S 2p) ' (4jt*[/:) and (S 2p)

(453/2) states showed a

sharp line of atomic sulfur, which indicates the electronic decay of the S 2p core-hole
occurs on the S atomic fragment crfier its separation from the molecule. The atomic and
molecular lines were measured with similar intensities at the transitions from the S 2p to
4 ic*3/2. 4 ïc*i/2 and

orbitals, implying that dissociation and electronic decay occur on

the same time scale, typically in the femtosecond range. It is very likely that the excited S
atoms decay through a stepwise-Auger process to S*** ions.
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In our experiment, fast dissociation to

ions appears to be state-selective. This

ion is observed only near the S 2p threshold. The spectrum of

is very distinctive

from the spectra of other ions. Below the S 2p threshold, a copious amount of
are produced at the 4 k * 3/2,

ions

resonances and a little at the 4s3/2 resonance. None of

the higher Rydberg states produces S*** ions (Fig 5.2).
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Figure 5.2. Partial-ion-yield spectrum of S*** in the energy range of 162-183 eV.

Fast dissociation to S*** ions from the (S 2p)*‘(4ic*3/2), (S 2p) ‘‘(471*1/2) and
(S 2p)‘‘(4s3/2) states may be illustrated by a two-step process, as represented in Fig 5.3.
First, the core-excited OCS molecule dissociates to ground-state CO and a core-excited S
atom, hi the second step, the excited S atom carrying the core-hole decays via a cascade
of Auger transitions into the S"^ + 3e‘ continuum.
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Since the 47t* orbital o f the OCS molecule is strongly localized at the sulfur atom,
fast dissociation following the excitation to the (S 2p)'^(47t*3/a) and (S 2p) '‘(4n*i/2) states
may be induced by strong repulsive forces arising from localization of the outermost
electrons on the sulfur site. These forces may be unlikely or very weak if the S 2p
electron is excited to a delocalized Rydberg orbital.

r

( I) OCS + /iv -> C O + S

co+s*

co+s
R (CO -S)

Figure 5.3. Schematics of the two-step process producing S"^ ions

Sizeable production of S"^ is observed also above the S 2p threshold. It should be
noted that the formation of S"^ in this region might not have the same mechanism as in
the below-threshold region. X-ray-emission measurements of OCS at the photon energy
of 177.5 eV revealed no atomic line [23]. Fast dissociation of the C-S bond may be likely
still, but in this case the core-hole on the excited S atom may decay through radiationless
processes. An alternative dissociation pathway to S"^ ions in this region is Auger decay
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followed by dissociation, which may occur after highly charged states of the parent
molecule are reached. This is possible since Auger decay becomes of more importance in
the relaxation of doubly excited or singly ionized states lying above threshold.
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